We report our recent advances in the implementation of a BB84 quantum key distribution demonstrator based on subcarrier multiplexing. A thorough description of all the system modules is provided both in the classical and quantum regimes that are supported by experimental results. We demonstrate that maximum multiplexing gain is achieved when low modulation regime is considered thus fully exploiting the quantum multiplexing process.
INTRODUCTION
Quantum Cryptography features a unique way of sharing a random sequence of bits between users with a certifiably security not attainable with either public or secret-key classical cryptographic systems. This is achieved by means of Quantum Key Distribution (QKD) techniques, which rely on exploiting the laws of quantum mechanics [1] . Initially investigated for point-to-point links, there is an increasing interest in its extension to network environments where the use of multiplexing techniques can bring an added value for multiuser operation. Photonics is the principal enabling technology for long distance QKD using optical fiber links and a particularly interesting approach is based on the Subcarrier Multiplexed Quantum Key Distribution (SCM-QKD) technique [2] which is an extension of the Frequency Coding (FC-QKD) approach proposed by Mérolla and co-workers [3] - [5] . FC-QKD implements the BB84 protocol [1] by encoding the information bits on the bands that arise at both sides of the optical carrier when being either phase [3] or amplitude [5] modulated by a single radiofrequency (RF) subcarrier. In essence, Alice randomly changes the phase of the electrical signal used to drive a light modulator among four phase values (0, π) and (π/2, 3π/2), which form a pair of conjugated basis. When arriving at Bob, he modulates the signal again using the same microwave frequency and thus his new sidebands will interfere with those created by Alice [5] . SCM-QKD upgrades the capacity of FC-QKD systems by multiplexing several BB84 channels as different microwave subcarriers modulated over a single optical carrier, a procedure that mimics a standard transmission technique from microwave photonics [2] , opening the possibility of parallel quantum key distribution [2] . In this paper, we report some preliminary results of an experimental system that implements subcarrier multiplexing QKD (SCM-QKD) operating with two radiofrequency subcarriers at 10 and 15 GHz. The obtained results in quantum and classical regime demonstrate the system feasibility.
DESCRIPTION OF SCM QUANTUM KEY DISTRIBUTION SYSTEM
The operation principles of SCM-QKD can be explained referring to Fig. 1 . A faint pulse laser source emitting at frequency ω 0 = 2πf 0 is externally modulated by N radiofrequency subcarriers by Alice. Each subcarrier with frequency Ω i = 2πf i (i = 1…N), is generated by a local oscillator (LO i ) and randomly phase modulated among four possible values 0, π and π/2, 3π/2 which allow the qubit encoding and form a pair of conjugated bases required to implement a BB84 protocol [2] . The compound signal is then sent through an optical fiber link and, upon reaching Bob's location is externally modulated by N identical subcarriers in a second modulator. These subcarriers are phase modulated among two possible values 0 and π/2, which represent the choice between the two bases, to decode the qubits. As a consequence, an interference single-photon signal is generated at each of the sidebands (upper and lower) of each subcarrier.
According to the results derived in [2] , the detection probabilities at each of the detectors placed after the filters centered at the Upper Sideband (USB) and the Lower Sideband (LSB) for each subcarrier, which correspond to ω 0 + Ω i and at ω 0 -Ω i , respectively, are given by:
In the above expression, ρ is the detection efficiency, μ i represents the mean photon number per bit emitted by the laser source for subcarrier Ω i , T i is the end-to-end optical link transmission efficiency for subcarrier Ω i , V is the visibility, and ΔΦ i represents the mismatch between the phases inscribed by Alice and Bob into the subcarrier at Ω i . The correct choice of the basis by Bob for subcarrier Ω i results in either ΔΦ i = 0 or ΔΦ i = π depending on whether a '0' or '1' is sent by Alice. This implies, according to (1) , that either the LSB or the USB is eliminated respectively due to interference. When Bob chooses the incorrect basis, then ΔΦ i = ±π/2 and none of the sidebands is eliminated since the detection probability is equal for USB and LSB. Each subcarrier contributes with a key that can be treated independently by Bob in order to obtain an effective key N times larger. In this way, the overall key for the multiplexed system is given by the sum of the individual keys for each single channel. Therefore, the multiplexing rate R MUX of the system is given by the following expression where R S (Ω i ) represents the single rate for each subcarrier:
As demonstrated in [3] , the maximum multiplexing is achieved when a small index modulation is considered. In this way, the multiplexing gain is equal to the number of channels (N). This is the main interest of the SCM-QKD systems since the useful bit rate is increased maintaining the security conditions coming from a single channel. 
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QOBIT DEMONSTRATOR
In order to demonstrate the SCM-QKD principle of operation, we have assembled an experimental demonstrator (Fig. 2) transmitting two subcarriers. It consists of two blocks, named Alice and Bob, interconnected by several meters of optical fiber. Alice's transmitter contains a tunable laser source with an emission wavelength of 1557.2 nm and 5 dBm of optical power. The laser output is strongly attenuated in order to achieve the quantum regime and pulsed with an amplitude modulator biased at the minimum transmission point. The electrical driving signal of the pulsed modulator is generated by the control system. The optical signal is modulated by a Phase Modulator (PM), the RF input of which is fed by two RF subcarriers at f 1 = 10 and f 2 = 15 GHz, respectively, which are produced by two independent local oscillators. To encode the binary secret key, Alice introduces a random and independent phase shift Φ 1A and Φ 2A for each subcarrier. An electrical attenuator is placed at the input of each phase shifter (Att 1A and Att 2A ) so as to control independently the modulation indexes of both subcarriers (m 1A and m 2A ).
Figure 2. Experimental setup assembled in the laboratory to test the feasibility of a two channel subcarrier multiplexed quantum key distribution system.
On the other hand, Bob has a similar configuration as Alice, but in this case the input signal of Bob is modulated by means of an Amplitude Modulator (AM) biased in quadrature. Bob can insert its own random phase shifts Φ 1B and Φ 2B and the attenuations Att 1B and Att 2B to control the RF signal driving its modulator. The phase shifts inserted in Alice and Bob are implemented using four eight-bit tunable RF phase shifters. The four phase shifters are computer controlled independently and are capable of providing full 360º phase shifts with a 1.4º resolution step. The control system also provides full system synchronization and clock generation. One of the main practical difficulties for the implementation of FC-QKD, and in particular SCM-QKD, is the filtering of each of the RF sidebands in the optical domain at the output of Bob's modulator. A photonic filter structure based on Fiber Bragg Gratings (FBGs) is used to separate each sideband with an extinction ratio of 25 dB while introducing minimum insertion losses [6] . At each output of the filter structure we placed a Single Photon Avalanche Detector (SPAD) acting as photon counter.
The system's performance was checked in the classical regime with the aid of an optical spectrum analyzer (OSA), featuring a 10 pm resolution and placed at the output of Bob's modulator. In Fig. 3 we can observe the obtained spectrum as a function of the phase differences ΔΦ 1 and ΔΦ 2 corresponding to f 1 = 10 and f 2 = 15 GHz, respectively, for two illustrative cases. The modulation indexes are around 3 % to guarantee a full multiplexing. The first case (Fig. 3a) corresponds to ΔΦ 1 = π and ΔΦ 2 = 0, thus we see that only LSB for the 10 GHz subcarrier and USB for the 15 GHz subcarrier are present. Therefore, a qubit '1' is transmitted for the subcarrier channel at 10 GHz and a qubit '0' for the channel at 15 GHz. In Fig. 3b the phase differences are ΔΦ 1 = 0 and ΔΦ 2 = π/2. As expected, only the USB is present for 10 GHz , which corresponds to a qubit '0', while for 15 GHz signal the two sidebands are present and the qubit will be rejected as required by BB84 protocol [2] . In order to check the system performance in terms of visibility, we placed a power meter at the output of each filter at Bob's location. The evolution of the normalized received power of each band is shown for the 10 GHz and 15 GHz bands in Fig. 4a and 4b , respectively. In both cases, the values for the visibility are higher than 98%. We can observe a slight difference between bands caused by the phase shifters because their insertion losses change with the phase shift. We also checked the system performance in the quantum regime by attenuating the pulsed signal from Alice's source and placing SPADs at the output of the filters as described in Fig. 1 . The output pulses had a 1.3 ns FWHM with a repetition rate of 1 MHz. The SPADs worked with a detection gate width of 2.5 ns which was synchronized with the source, and a dead time of 10 µs to avoid afterpulsing. The SPADs detection efficiency ρ was close to 10%, the dark count probability was 1.2×10 -5 , and the measurement time per point was set to 25 s. The mean photon number is μ 1 = 0.35 for 10 GHz and μ 2 = 0.25 for 15 GHz. Note that these values are enough to guarantee unconditional security provided that decoy states transmission is introduced in order to relax the requirements of the mean photon number at Alice's output.
In Fig. 5 we plot the count rates R(Ω 1 ) and R(Ω 2 ) coming from the normalized accumulated counts for the 10 GHz and 15 GHz sidebands as a function of the phase difference. We can observe, as in the classical case, a visibility better than 98%. In addition, we have found that the maximum multiplexing rate R MUX is around 60 kbit/s coming from the individual single rates for each subcarrier R S (Ω 1 ) = 35 kbits/s and R S (Ω 2 ) = 25 kbit/s. Therefore, we have obtained a maximum multiplexing gain close to 3 dB which corresponds with the number of subcarriers N = 2. 
CONCLUSIONS
We have presented the description and the results of a SCM-QKD experimental demonstrator. In this novel scheme two radiofrequency subcarriers at 10 GHz and 15 GHz were used in combination with a photonic filter which can separate each subcarrier in the optical domain. The system was tested under classical and quantum regime where a faint source laser with a pulse rate of 1 MHz, and a pulse width of 1.3 ns were used. The experimental results show visibility values higher than 98% as required for the successful operation of these systems. Moreover, we have experimentally demonstrated that the multiplexing rate corresponds with the sum of single channel rates showing a maximum multiplexing gain when low modulation indexes are considered.
